The efficiency of novel superconducting direct current (DC) induction heaters can be up to 80-90%. This is much higher than the 40-50% of conventional alternating current induction heaters. Induction heaters are used to preheat aluminum billets in extrusion pressing. Such devices use a driving motor to rotate the billet. A peak in the electromagnetic torque appears at low rotation speeds (of the motor). Therefore, this peak electromagnetic torque is of particular interest when designing the driving system, which is one of the main challenges for megawatt-class superconducting DC induction heaters. In this paper, the peak electromagnetic torque characteristics of different sized billets were analyzed. A numerical 3D finite element method model was built to analyze the peak electromagnetic torque and resistive heating power behavior of aluminum billets. The results obtained from simulations and experiments match well. The effect of the following five relative parameters, on electromagnetic torque and resistive heating power, were studied: billet diameter, billet length, magnetic flux density, billet material, and electrical conductivity. The peak electromagnetic torque increases nonlinearly with increasing billet diameter, up to 640 mm. The time elapsed between the peak to stable torque decreases nonlinearly with increasing magnetic flux density. The effects of billet material (copper, titanium alloy and stainless steel) on torque were analyzed and compared. These results are likely to guide more cost-effective and practical designs for the billet driving system of superconducting DC induction heaters.
I. INTRODUCTION
Induction heating has been widely used to preheat aluminum billets in extrusion pressing [1] - [3] . The superconducting direct current (DC) induction heating method can be much more efficient, in the metal preheating process, compared to traditional alternating current (AC) induction, when billets are made from low-resistivity and non-magnetic materials. Conventional AC induction heating devices generally have an efficiency of 40-45%, as a significant portion of energy is consumed to cool water for the copper coil [1] .
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High temperature superconductors (HTSs) show great advantages, in terms of energy conservation, because of their zeroresistance characteristics. They have been widely applied to improve energy efficiency in electrical devices, such as power cables, fault current limiters, and magnets [1] , [4] - [19] .
In commercial megawatt (MW) superconducting DC induction heaters, aluminum is rotated, by motors, in transverse magnetic fields. Peak electromagnetic torque occurs in the low-speed range, which tends to be 2.5 times that of the stable torque value. The peak electromagnetic torque in superconducting DC heaters has rarely been reported. It is now considered one of three main technical challenges for MW-class superconducting DC induction heaters [20] , [21] . VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ This unique load characteristic makes selecting motors particularly difficult for this type of DC induction heater [22] - [24] . If the motor is selected according to its power and torque at its top-rated rotation speed (i.e. high speed), the billets will encounter a lack of torque during the start-up stage (i.e. low speed). If the motor was selected according to its peak torque at low speed, its high-power capability (about two thirds of the top-rated power) will be wasted at its high speed, which will considerably increase the cost of the heater. The first industry-scale HTS DC induction heater was developed in 2008, and was used to preheat 200 mm × 1000 mm aluminum billets [2] . In 2016, Choi et al. developed a 300 kW industry-scale superconducting DC induction heater for 236 mm × 1000 mm metal billets. In 2018, they also fabricated a commercial 300 kW superconducting induction heater [25] - [35] . The maximum billet size was 240 mm × 700 mm. Based on experimental and simulation results, the peak electromagnetic torque was not obvious for small diameter aluminum billets (<200 mm). The world's first commercial MW-class superconducting DC induction heater was proposed and developed by China in 2019 [4] - [7] , [9] , [13] , [19] - [21] , [24] , [36] - [46] . It has been designed for aluminum billets with diameters of 200-446 mm and lengths of 80-1500 mm.
In this study, the peak electromagnetic torque characteristics of different billets, for superconducting DC induction heaters, were analyzed. A coupled 3D finite element method (FEM) model, using COMSOL Multiphysics software, was built to analyze the peak electromagnetic torque and the resistive heating power behavior of aluminum billets. Experimental measurements were carried out using an industrial MW-class superconducting DC induction heater. The experimental torque results confirmed the validity of our torque analysis method. The effect of five relative parameters, on electromagnetic torque and resistive heating power, were studied: billet diameter, billet length, magnetic flux density, billet material and electrical conductivity. Our peak electromagnetic torque characteristics results are useful for industrial applications of superconducting DC induction heaters. In particular, they may guide more cost-effective, practical and reliable driving system designs, to rotate aluminum billets heated by superconducting DC induction heaters.
II. ELECTROMAGNETIC TORQUE OF A SUPERCONDUCTING DC INDUCTION HEATER A. PRINCIPLE OF A SUPERCONDUCTING DC INDUCTION HEATER
The superconducting DC induction heater was developed to avoid the AC losses of superconducting windings, as shown in Fig. 1 . The aluminum billets are rotated by a driving motor, in a DC magnetic field generated by superconducting coils [47] - [49] . The superconducting magnet is used to generate an adjustable DC magnetic flux density of 0-1 T in the air gap of the iron core, where the aluminum billet is placed. The iron yoke is used to separate the HTS coils and heated billets, and to guide the magnetic flux to generate the desired field distribution [36] . DC current flows through the superconducting coils, thus, no AC loss is generated. The overall energy dissipations are losses in the motors and cooling system of the superconducting windings. Considering the high efficiency of motors (above 95%) and the low losses of superconducting DC coils, the overall energy efficiency can be up to 80-90% [50] .
B. PEAK ELECTROMAGNETIC TORQUE
The electromagnetic torque of an aluminum billet is given by
where τ is the electromagnetic torque, is the computational domain, n is the normal vector, T is the surface stress tensor, r is the torque radius, r 0 is the torque rotation point, τ ax is the torque axis, and r ax is the torque around the x-axis [24] . The billet is rotated in transverse magnetic fields. Fig. 2 shows the electromagnetic torque dependency, and heating power on the billets, on the rotation speed. The data was acquired using 446 mm × 1335 mm aluminum billets in a magnetic field of 0.3 T. The results show that the induction heating power increases continually with rotation speed. The heating power of the top-rated speed (350 rpm) is 259 kW. However, the variation of electromagnetic torque shows a very different trend. It rapidly increases to its peak value at 29 rpm. It then drops quickly to a relatively small value, and subsequently decreases slowly as rotation speed increases. The peak electromagnetic torque is 18,441 N·m. Whereas the electromagnetic torque at 350 rpm is only 7,178 N·m, which is 39% of the peak value. However, for most motors, both the torque and power increases with rotation speed [24] .
C. APPLICATIONS OF ALUMINUM BILLETS
The peak electromagnetic torque analysis of different aluminum billets is significant for various aluminum pressing applications, as shown in Fig. 3 . Conventional AC inductance heaters can be divided into power frequency (50 or 60 Hz) and intermediate frequency (400-2,500 Hz) ranges, according to the power supply frequency. Aluminum billets with a diameter greater than 130 mm are heated by power frequency, while those with smaller diameters are heated by intermediate frequency. The rotational speed range of the superconducting DC induction heater is 240-480 rpm (corresponding frequency: 4-8 Hz). Therefore, the superconducting DC induction heater has a much greater range: 5-640 mm. 
III. NUMERICAL MODEL AND VALIDATION A. NUMERICAL MODEL
The coupled FEM numerical models include the meshed magnetic and electric fields model and heater transfer model, which are solved in COMSOL Multiphysics. When an aluminum billet is heated in the superconducting DC magnet, the billet is rotated in a static transverse magnetic field, to induce an eddy current, and is heated by Joule loss. In theory, this model is equivalent to a stationary billet placed in a rotating magnetic field with the same rotational frequency.
The governing equations are
where ω is the angular velocity of the rotating magnetic field, t is time and B 0 is the amplitude of the static magnetic field. According to Faraday's law of electromagnetic induction, the spatially changing magnetic field inside the aluminum billet will induce an electric field, such that
where E i is the induced electric field and B is the magnetic field. When the rotational frequency of the magnetic field remains constant, or changes slowly, the change in the induced electric field over time will be negligible. Therefore, the spatial distribution of the electric field can be obtained according to Ampere's law:
where σ is the conductivity and J i is the induced eddy current.
As the temperature changes, the electrical conductivity of the aluminum billet will change accordingly. Fig. 4 shows the 3D geometry of the FEM model for a rotating aluminum billet in the magnetic flux field. Two subdomains are present in Fig. 4(a) : the aluminum billet in the center and the air boundary. The majority of the eddy current and resistive heating power is distributed on the surface of the billet, due to the skin effect, so these areas are meshed more finely than others, as shown in Fig. 4(b) . The aluminum billet has dimensions of 446 mm × 1500 mm and is meshed with 194,406 tetrahedral elements. The dimensions of the air boundary is 2000 mm × 6000 mm and is meshed with 805,382 tetrahedral elements. the frequency: lower frequency results in deeper current penetration. Fig. 6 shows the induced eddy current density distributions, represented by arrows. The eddy current direction is axially oriented. This is different to that of the circumferential direction of the conventional AC induction heater. When the aluminum billet is rotated, the magnetic field in the air gap is formed by a superposition of the applied and the eddy current magnetic fields. The eddy current magnetic field is related to the rotational speed of the aluminum billet. The eddy current lines are concentrated nearer to the surface of the aluminum billet when the rotational speed is increased. Owing to the presence and demagnetization effect of the eddy current, the magnetic impedance of the magnetic circuit is increased, and the depth to which the magnetic flux penetrates into the aluminum is reduced.
B. TORQUE MEASUREMENT SYSTEM
To verify the peak electromagnetic torque, based on the 3D FEM model, experimental measurements were performed using the superconducting DC induction heater of a torque monitor system [21] . Fig. 7 shows an aluminum billet (446 mm × 1335 mm) in the air gap of the iron core of the superconducting magnet. The aluminum billets are rotated by a driving motor. The magnetic flux density was 0.3 T. Fig. 8 shows the electromagnetic torque measurement system for aluminum billets. The electric power meter (ACR220E(L)) is essential for real-time monitoring, which provides the power and current of the AC converter (RNBF-630D/380 and RNBF-200D/380, Shanghai, China) to LabVIEW software.
C. VALIDATION OF NUMERICAL MODEL
The experimental measurement of electromagnetic torque and power were compared with the simulated model shown in Fig. 2 . During the experiment, the temperature of the aluminum billet was raised from room temperature (28 • C) to 450 • C, in approximately 12 minutes. The curves of electromagnetic torque and resistive heating power, as a function of rotational speed from 0 rpm to 350 rpm, are shown in Fig. 9 . At the stable rotational speed of 350 rpm, when the actual heating process occurs, both the electromagnetic torque and resistive heating power increase with heating time. Note these are not shown in Fig. 9 . The simulation data of electromagnetic torque and resistive heating power matches closely with the experimental data. The comparison shows the maximum error of electromagnetic torque is 6% at 240 rpm. The experimental and simulation data for the electromagnetic torque are 7,850 N·m and 8,355 N·m at 240 rpm, respectively. For resistive heating power they are 197 kW and 210 kW at 240 rpm, respectively.
IV. ELECTROMAGNETIC TORQUE CHARACTERISTICS
The electromagnetic torque characteristic is significant for considering the driving system solution of the superconducting DC induction heater. In this section, we explore five key relative parameters with the electromagnetic torque. To compare the peak electromagnetic torque T peak and stable torque T stable , the ratio of peak to stable torque, at a high rotation speed, is used to represent the peak torque effect of billet.
A. BILLET DIAMETER
We analyzed the electromagnetic torque of aluminum billets with diameters up to 640 mm. The transverse magnetic field was 0.5 T, and all billets were of length 1500 mm. We calculated the dependence of electromagnetic torque on the rotational speed, and obtained the peak and stable (at 500 rpm) electromagnetic torque. The peak electromagnetic torques of 150 mm, 300 mm, and 640 mm billets were 4,845 N·m, 18,581 N·m, and 85,465 N·m, respectively, as shown in Fig. 10(a) . The electromagnetic torque of the 40 mm aluminum billet increases with rotational speed up to ∼3000 rpm, and has no peak electromagnetic torque phenomenon. The resistive heating power of all aluminum billets increase with increasing rotational speed, as shown in Fig. 10(b) . The slopes of the power curves for 150 mm, 300 mm, 640 mm are greater than 1, due to the rapid increase of torque. Note that the slope value of the heating power curve for the 40 mm billet is less than 1. Fig. 11 shows how the peak and stable (at 500 rpm) electromagnetic torques vary with billet diameter. The peak electromagnetic torque increases with increasing billet diameter. Therefore, peak torque is much more of an issue for aluminum billets with larger diameters. The stable torque curve is approximately linear, with a slope of ∼51, as shown in Fig. 11(a) . Whereas the peak electromagnetic torque curve is nonlinear. As shown in Fig. 11(b) , the corresponding rotation speed of peak electromagnetic torque npeak decreases nonlinearly, from 3000 rpm to 10 rpm. For diameters less than 200 mm, the peak electromagnetic torque effect is not significant. For 300 mm billets T peak /T stable is 1.54. This rises to T peak /T stable = 2.8 for 640 mm billets, which poses a great challenge for the driving system design in superconducting DC induction heaters. This is because the driving system will need to overcome the peak electromagnetic torque at low rotational speeds.
B. BILLET LENGTH
We analyzed the electromagnetic torque of aluminum billets with varying lengths of 0-2000 mm. The electromagnetic torque and power results are shown in Fig. 12 . Here the transverse magnetic field was 0.5 T, and all aluminum billets had the same diameter: 300 mm. We calculated the dependence of electromagnetic torque on the rotational speed, and obtained the peak and stable (at 500 rpm) electromagnetic torque. The peak electromagnetic torques for lengths 100 mm, 500 mm, 1000 mm, and 1500 mm were 1,292 N·m, 6,460 N·m, 12,920 N·m, and 18,581 N·m, respectively. The resistive heating power values of all aluminum billet lengths increase with increasing rotational speed. Fig. 12(b) shows peak torque and stable electromagnetic torque variation with different aluminum billet lengths. The peak electromagnetic torque increases linearly with increasing billet diameter. The stable torque curve is also linear. The slope of the peak and stable torque curves are 8.4 and 12.7, respectively. The T peak /T stable ratio for lengths 100 mm, 500 mm, 1000 mm, and 1500 mm are all constant at 1.5.
C. MAGNETIC FLUX DENSITY
We analyzed the electromagnetic torque in a magnetic flux density range of 0-1 T. The electromagnetic torque and power results are shown in Fig. 13 . Here, all the aluminum billets have the same diameter and length: 640 mm and 1,500 mm, respectively. The peak and stable (at 500 rpm) electromagnetic torque were obtained as a function of magnetic flux density. The peak electromagnetic torques for 0.1 T, 0.3 T, 0.5 T, and 1 T are 3,470 N·m, 18,302 N·m, 50,421 N·m, and 205,286 N·m, respectively, as shown in Fig. 13(a) . The resistive heating power curves increase nonlinearly with increasing magnetic flux density, as shown in Fig. 13(b) . The 1 st order value of the 4 th order polynomial fitted to the 1 T power curve is 17, which is much higher than that of the 0.1 T power curve: 0.067. Fig. 14 shows the peak and stable electromagnetic torque variation with magnetic flux density, over a 0-1 T range. The peak electromagnetic torque rapidly increases nonlinearly with increasing of billet diameter. 2 nd order polynomials were fitted to the peak and stable torque curves. The R-squared values of the polynomial fitting were 0.99 for both curves. As shown in Fig. 14(b) , the corresponding rotational speed n peak of the peak electromagnetic torque decreases nonlinearly with increasing magnetic flux density, from 0.1 T to 1 T. When the magnetic flux density is 0.1 T and 1 T, the corresponding rotational speeds n peak are 12 rpm and 14 rpm, respectively. The corresponding rotational speed effect is not significant. The T peak /T stable ratio for magnetic flux densities of 0.1 T, 0.5 T, and 1 T, are 9.4, 1.6, and 1.4, as shown in Fig. 11(b) . The T peak /T stable ratio decreases with increasing magnetic flux density. This is useful for optimizing the magnetic flux density of the superconducting coil. The analysis result is also useful for the design of driving system in superconducting DC induction heater.
D. BILLET MATERIAL
The effect of different billet materials on the peak electromagnetic torque is explored in this section. Superconducting DC induction heaters are also suitable for various materials, such as copper, titanium alloy, stainless steel, etc. Copper and titanium alloy (Ti-6Al-2Sn-4Zr-2Mo) billets were analyzed and compared. Fig. 15 shows the electrical conductivity of aluminum, copper and titanium alloy. The electrical conductivity of aluminum, copper, and titanium alloy at 293 K are 3.72 × 10 7 S/m, 3.87 × 10 7 S/m, and 5.9 × 10 6 S/m, respectively. Here, all billets were the same size ( 640 mm × 1500 mm), measured with B = 0.5 T. The peak electromagnetic torque of aluminum and copper are 85,465 N·m and 84,570 N·m, respectively, as shown in Fig. 16(a) . The corresponding rotational speed n peak at the peak electromagnetic torque are 10 rpm and 8 rpm, respectively. The electromagnetic torque of the titanium alloy billet increases with the rotational speed up to 500 rpm, showing no peak electromagnetic torque phenomenon.
E. ELECTRICAL CONDUCTIVITY
In this section, the effect of electrical conductivity, on the peak electromagnetic torque, was studied. and other material parameters are same with the aluminum. The electromagnetic torque and power results are shown in Fig. 17 . Here, the transverse magnetic field was 0.5 T, and all billets had the same size: 640 mm × 1500 mm. The peak electromagnetic torques for 1 × 10 7 S/m and 1 × 10 8 S/m are 88,237 N·m at 50 rpm, and 87,573 N·m at 5 rpm, respectively, as shown in Fig. 17(a) . The electromagnetic torque for 1 × 10 5 S/m increases with rotational speed up to 500 rpm. There is no peak electromagnetic torque phenomenon, which is similar to titanium alloy. The resistive heating power for all electrical conductivities increase with increasing rotational speed, as shown in Fig. 17(b) . In the low rotational speed range, below 100 rpm, the slope value of resistive heating power for σ = 1 × 10 7 S/m is higher than that of σ = 1 × 10 5 S/m and σ = 1 × 10 8 S/m. The resistive heating power for 1 × 10 5 S/m, 1 × 10 7 S/m, and 1 × 10 8 S/m at 100 rpm, are 17 kW, 302 kW, and 129 kW, respectively. In the high rotational speed range, above 100 rpm, the slope values for σ = 1 × 10 5 S/m and σ = 1 × 10 8 S/m are higher than that of σ = 1 × 10 7 S/m. The resistive heating power for 1 × 10 5 S/m, 1 × 10 7 S/m, and 1 × 10 8 S/m at 500 rpm, are 412 kW, 781 kW, and 1454 kW, respectively. Fig. 18 shows the variation in the peak and stable torques at 500 rpm, for different electrical conductivities ∼10 4 − 10 10 S/m. The peak electromagnetic torque remains almost same at 87,573-88,430 N·m over the range of 10 5 − 10 8 S/m. The peak electromagnetic torque decreases nonlinearly with increasing electrical conductivity above 10 8 S/m. The minimum peak electromagnetic torque is 9,278 N·m at 1 × 10 10 S/m. As electrical conductivity increases, the stable torque increases before beginning to decrease after reaching a maximum point, 51,884 N·m at 1 × 10 6 S/m, as shown in Fig. 18(a) . As shown in Fig. 18(b) , the corresponding rotational speed n peak of the peak electromagnetic torque decreases nonlinearly, from 5000 rpm to 5 rpm, with increasing electrical conductivity. When the electrical conductivity is less than 1 × 10 7 S/m, the effect on the corresponding rotation speed is significant. Whereas when the electrical conductivity is more than 1 × 10 7 S/m, the corresponding rotation speed remains almost the same at 5-10 rpm. The T peak / T stable ratio increases nonlinearly over the range of 10 6 − 10 10 S/m.
V. AUXILIARY MOTOR SOLUTION OF A DRIVING SYSTEM FOR THE PEAK ELECTROMAGNETIC TORQUE
A driving system, consisting of a main motor and an auxiliary motor, was developed to rotate aluminum billets in a 1 MW superconducting DC induction heater, as shown in Fig. 19 . The key idea of this driving system is to use an auxiliary motor to provide extra torque for the billet during low rotational speed. This ensures that the main motor can start-up successfully. The range of billets used for the 1 MW superconducting DC induction heater have diameters of 200-446 mm and lengths of 800-1500 mm. This design solution has advantages in both reliability and reduced cost, compared to a high-power capability motor solution. The details of the motors and gearboxes are shown in Table 1 . The main motor was selected according to the power and torque of the billet at the top-rated rotation speed. A gearbox, with ratio 3.15:1, is engaged with the main motor to increase the output torque, as well as decrease the output rotation speed. The auxiliary motor provides extra torque at low rotation speed, using an auxiliary gearbox with a high ratio (10:1), whose connection with the billets is controlled by a clutch. Fig. 20 shows the control flowchart of an independent heating period. First, the main and auxiliary motors start synchronously. The auxiliary motor is engaged to the aluminum billets through the clutch, until the main motor is capable of driving the aluminum billet independently. After the aluminum billet reaches 130 rpm, the clutch is disengaged and the auxiliary motor is stopped. The main motor rotates the aluminum billets independently, to the top-rated rotation speed. The aluminum billet temperature increases to the target temperature of 450 • C during the heating period at the top speed, which is approximately 12 minutes. Fig. 21 shows measurements of the electromagnetic torque and power of the main and auxiliary motors during a heating cycle. At the peak load torque point (29 rpm), the main motor contributes a torque of 10,457 N·m, while the auxiliary motor contributes 9092 N·m. Thus, the total output torque from this driving system is 19,549 N·m, which meets the load torque requirement of 18,841 N·m. Therefore, the practicability of this driving system, developed for this 1 MW DC induction heater, has been validated experimentally.
VI. CONCLUSION
This paper presents the peak electromagnetic torque characteristics that occur at low rotation speeds. Five relative param- VOLUME 8, 2020 eters were analyzed. A numerical FEM model was compared with experimental measurements using a superconducting DC induction heater. The conclusions are as follows:
1) The peak electromagnetic torque increases nonlinearly with increasing billet diameter. Although, for diameters smaller than 200 mm, the peak electromagnetic torque effect is not significant. The T peak /T stable ratio is 2.8 for 640 mm aluminum billets in B = 0.5 T.
2) The peak electromagnetic torque increases linearly with increasing billet length. The stable (at 500 rpm) torque curve is also linear. The slope values of the peak and stable torque curves are constant, at 8.4 and 12.7, respectively, as a function of billet length, with 300 mm and B = 0.5 T.
3) The T peak /T stable ratio decreases nonlinearly with increasing magnetic flux density.
4) The peak electromagnetic torque of aluminum and copper are 85,465 N·m at 10 rpm, and 84,570 N·m at 8 rpm, respectively. The electromagnetic torque of the titanium alloy billet increases with rotational speed, up to 500 rpm, such that there is no peak electromagnetic torque phenomenon. 5) When the electrical conductivity is above 1×10 7 S/m, the corresponding rotation speed remains almost constant at 5-10 rpm. The T peak /T stable ratio increases nonlinearly over the range 10 6 − 10 10 S/m. The feasibility of an auxiliary motor driving system, developed for a 1 MW superconducting DC induction heater, was validated. These results are useful for guiding the driving system design of superconducting DC induction heaters.
GUOZHONG JIANG was born in Jiangxi, China, in 1961. He received the B.S. degree in solid state physics and the master's degree from Nanjing University, Nanjing, China, in 1982 and 1990, respectively. He was an academic and technical leaders of major disciplines in enjoy special government allowances of Jiangxi province, China. He was a Chief Engineer with Jiangxi Lianchuang Opto-Electronic Science and Technology Company, Ltd., China. 
